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HIGHLIGHTS 


►  The  mesoporous  Co304  materials  are  synthesized  from  cobalt-citrate  complex. 

►  The  mesoporous  Co304  materials  have  a  large  surface  area  of  129  m2  g~\ 

►  The  forming  mechanism  of  mesoporous  Co304  materials  has  been  proposed. 

►  Mesoporous  Co304  materials  exhibit  excellent  electrochemical  performance. 
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In  this  work,  amorphous  and  mesoporous  C03O4  material  is  obtained  from  the  calcination  of  loosely 
packed  Co304/Co(OH)2  nanosheets  which  are  synthesized  by  the  formation  and  disassociation  of  cobalt 
-citrate  complex  reaction.  We  propose  that  Co  nanoparticles  are  completely  oxidized  to  form  the  stable 
cobalt-citrate  complex  in  the  presence  of  sodium  citrate  and  oxygen,  and  cobalt-citrate  complex 
disassociates  to  Co(OH)2  under  alkaline  conditions.  The  high  surface  area  and  mesoporous  texture  of 
granular  C03O4  materials  are  the  consequence  of  the  energetically  favored  topotactic  transformation 
aspect  in  the  solid-state  oxidative  reaction.  Furthermore,  mesoporous  C03O4  material  exhibits  excellent 
electrochemical  capacitance  prosperities,  well  retention  to  the  discharging  capacity  in  cycle  lifetime,  and 
a  high  specific  capacitance  of  427  F  g-1,  indicating  its  potential  application  in  electrochemical  capacitors 
and  further  in  energy  and  environmental  applications. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Cobalt  oxide  (C03O4)  represents  an  important  class  of  inexpen¬ 
sive  and  environmentally  benign  materials  with  the  potential 
applications  in  catalysts  [1],  magnetics  [2],  and  high-performance 
electrochemical  devices  [3,4].  To  design  high-performance  elec¬ 
trode  materials  in  term  of  electrochemical  activity,  kinetic  feature, 
retention  to  the  discharging  capacity  in  cycle  lifetime,  and  under¬ 
standing  charge  storage  mechanism  affect  electrochemical  perfor¬ 
mance  is  of  great  importance  [5,6].  Recent  studies  prove  that 
pseudocapacitors  based  on  C03O4  materials  show  much  enhanced 
capacitance  and  greatly  improved  energy  density  compared  with 
electric  double-layer  capacitors  (EDLCs)  [7-9].  However,  there  are 
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still  significant  drawbacks  of  these  C03O4  pseudocapacitors, 
namely,  the  limited  cyclical  stability  and  poor  rate  capability  of  the 
C03O4  electrode,  which  remain  major  challenges  for  use  in  practical 
batteries.  These  problems  have  long  been  partly  attributed  to  low 
conductivity  of  metal  oxides  and  phase  transition  (structural  rear¬ 
rangements)  under  the  fast  and  reversible  redox  reaction  at  the 
surface  of  the  electro-active  materials  in  the  charging/discharging 
electrochemical  process  [10-12].  The  key  to  achieving  high  specific 
capacitance  C03O4  pseudocapacitors  with  long  cycle  life  is  to 
prepare  nano-structured  or  micrometer-scale  C03O4  electrode 
materials  with  rational  design  of  material  morphology,  size,  and 
structure,  which  are  critical  to  the  electrochemical  reactivity  and 
lifetime  based  on  reducing  both  the  ionic  and  electronic  path 
within  the  particles.  Torsten  Brezesinski  et  al.  [10]  proposed  that 
mesostructured  and  nano-structured  architectures  for  transition 
metal  oxides  facile  both  redox  and  intercalation  pseudocapacitance 
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from  alleviating  the  need  of  long-range  diffusion  of  ions  through 
the  van  der  Waals  gaps  as  well  as  amorphous  structure  can  provide 
surface  sites  for  redox  pseudocapacitance.  Recent  advances  in 
material  preparation  technologies  enable  electrode  materials  to  be 
readily  prepared  with  tunable  particle  size,  shape  and  structure.  For 
example,  Zhu  et  al.  [13]  had  synthesized  Co304  materials  with  three 
different  structures  (one-dimensional  needle-like  nanorods,  two- 
dimensional  leaf-like  nanosheets,  and  three-dimensional  oval¬ 
shaped  microparticles)  by  controlling  the  concentration  of  poly¬ 
ethylene  glycol  and  water  solution,  which  exhibit  the  promising 
capacitive  properties.  Mesoporous  C03O4  monolayer  hollow-sphere 
array  was  fabricated  by  electrodepositing  from  aqueous  solution 
containing  cobalt  precursor  and  exhibits  a  specific  capacitances  of 
358  F  g-1  at  2  A  g^1  [14].  With  the  exposed  crystal  plane  (112), 
C03O4  nanomesh  obtained  from  pyrolysis  of  the  precursor  of 
(NH4)2Co8(C03)6(OFI)-4Fl20  and  showed  the  high  capacitances 
(155-198  F  g-1)  and  good  rate  capability  [15]. 

Beyond  that,  there  is  a  novel  strategy  basing  on  the  rational 
design  of  complex  reaction  to  prepare  metal  oxides  with  tunable 
particle  size,  shape  and  structure.  Earlier  examples  of  this  strategy 
for  the  formation  of  cobalt  oxides,  such  as  CoO  nanorods  from 
Co-Oleate  complex  [16],  C03O4  nanotubes  from  (cysteinato-N,S) 
bis(ethylenediamine)cobalt(III)  complex  [17],  hollow  C03O4  nano¬ 
wire  arrays  from  [Co(NFl3)6]2+  [18],  and  C0O/C03O4  composite 
nanocrystal  from  unknown  complex  [19],  have  been  elegantly 
reported.  It  is  anticipated  that  cobalt  complex  can  be  obtained  by 
taking  control  of  the  rate  of  complex  reaction  and  will  serve  as  the 
precursor  to  fabricate  meso-structural  C03O4  with  the  enhanced 
electrochemical  performance. 

Flerein,  we  firstly  report  the  preparation  of  amorphous  and 
mesoporous  C03O4  nanomaterial  which  obtains  from  the  pyrolysis 
of  loosely  packed  Co304/Co(OH)2  nanosheets  based  on  the  reaction 
of  the  formation  and  disassociation  of  cobalt-citrate  complex.  We 
propose  that  Co  nanoparticles  are  completely  oxidized  to  form  the 
stable  cobalt-citrate  complex  in  the  presence  of  sodium  citrate  and 
oxygen,  and  cobalt-citrate  complex  is  disassociated  to  Co(OFI)2 
under  alkaline  conditions.  The  high  surface  area  and  mesoporous 
texture  of  granular  C03O4  material  might  be  the  consequence  of  the 
energetically  favored  topotactic  transformation  aspect  in  the  solid- 
state  oxidative  reaction.  Furthermore,  mesoporous  C03O4  material 
exhibits  excellent  electrochemical  capacitance  prosperities,  well 


retention  to  the  discharging  capacity  in  cycle  lifetime,  and  a  high 
specific  capacitance  of  427  F  g-1  that  is  obtained  at  a  charge/ 
discharge  current  density  of  1.25  A  g-1,  suggesting  its  potential 
applications  in  electrochemical  capacitors  and  further  in  energy 
and  environmental  applications,  such  as  lithium  batteries,  CO 
catalysis,  and  electrochemical  evolution  of  oxygen. 


2.  Experimental 

All  solvents  and  chemicals  are  of  reagent  quality  and  are  used 
without  further  purification.  Co(N03)2-6H20,  sodium  citrate  (Na- 
Cit),  NaBH4,  NaOH,  and  sodium  lauryl  sulfate  (SDS)  are  obtained 
from  Shanghai  Chemical  Reagent  Co.  All  aqueous  solutions  were 
freshly  prepared  with  deionized  water.  Scheme  1  shows  the 
synthesis  route  of  the  mesoporous  C03O4  materials.  In  typical 
synthesis,  60  mg  Co(N03)2-6H20  and  180  mg  Na-Cit  were  firstly 
dissolved  in  30  ml  distilled  water  under  magnetic  stirring.  To  this 
mixture,  5  ml  of  ice-cold  NaBFl4  (0.1  M)  was  rapidly  injected  with 
stirring  vigorously,  generating  a  black  solution.  The  whole  solution 
was  kept  stirring  vigorously  for  2  h  at  room  temperature  to 
promote  the  oxidation  of  Co  nanoparticles  completely  to  form  the 
stable  cobalt-citrate  species,  as  suggested  by  the  color  change  of 
the  solution  from  black  to  violet  (Fig.  SI ).  Then,  3  mg  SDS  and  60  mg 
NaOH  dissolved  in  5  ml  distilled  water  were  added  to  the  mixture 
immediately.  The  reaction  mixture  was  stirring  vigorously  for 
5  min,  and  then  left  undisturbed  at  30  °C  for  36  h.  Finally,  a  typical 
teal  blue  solid  was  shown,  indicating  the  formation  of  C03O4 / 
Co(OH)2  hybrid.  The  teal  blue  solid  was  collected  and  washed 
several  times  with  ethanol  and  distilled  water  by  centrifugation  at 
10,000  rpm,  and  finally  dried  at  80  °C  for  4  h.  By  a  subsequent 
thermal  treatment  at  250  °C  for  3  h  in  air,  the  tea-blue  C03O4 / 
Co(OH)2  materials  were  changed  into  black  Co304  powder.  The 
more  details  of  mechanism  of  Cobalt-Citrate  Complex  reaction 
were  showed  in  supplementary  material. 

Transmission  electron  microscope  (TEM)  was  carried  out  by 
using  a  JEOL  JEM-2100  (Japan)  operated  at  200  kV.  Morphology  of 
the  synthesized  products  was  examined  using  a  JEOL  JSM-6701F 
(Japan)  field  emission  scanning  electron  microscope  (SEM).  Wide- 
angle  powder  X-ray  diffraction  (XRD)  patterns  were  obtained 
with  a  Rigaku  D/Max-2400  (Japan)  with  Cu  Ka  radiation  (40  kV, 
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Scheme  1.  Synthesis  of  meosporous  Co304  materials  from  cobalt-citrate  complex. 
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100  mA).  Nitrogen  adsorption-desorption  data  was  obtained  by 
using  ASAP  2020  (Micromeritics,  US). 

The  working  electrodes  were  prepared  according  to  the  method 
in  Ref.  [20].  C03O4  powder  (80  wt%)  was  mixed  with  7.5  wt%  of 
acetylene  black  and  7.5  wt%  of  conducting  graphite  in  an  agate 
mortar  until  a  homogeneous  black  powder  was  obtained.  To  this 
mixture,  5  wt%  of  poly(tetrafluoroethylene)  was  added  with  a  few 
drops  of  ethanol.  After  briefly  allowing  the  solvent  to  evaporate,  the 
resulting  paste  was  pressed  at  10  MPa  to  nickel  gauze  with  a  nickel 
wire  for  an  electric  connection.  The  electrode  assembly  was  dried 
for  10  h  at  60  °C  in  air.  Each  electrode  contained  about  4  mg  of 
electro-active  material  and  had  a  geometric  surface  area  of  about 
1  cm2.  Electrochemical  measurements  were  carried  out  using  an 
electrochemical  working  station  (CHI660C,  Shanghai,  China)  in 
a  three-electrode  at  room  temperature.  2  M  aqueous  solution  of 
KOH  was  used  as  electrolyte.  A  platinum  foam  electrode  (1  cm2) 
and  a  saturated  calomel  electrode  (SCE)  served  as  the  counter 
electrode  and  the  reference  electrode,  respectively.  Average  specific 
capacitance  values  were  calculated  from  the  galvanostatic  charge 
and  discharge  curves,  using  the  following  equation:  C  =  (/At)/ 
(m AV)  (F  g_1),  where  I  is  constant  charge  or  discharge  current, 
At  is  the  time  period  for  a  full  charge  or  discharge,  m  indicates 
the  mass  of  the  corresponding  active  electrode  materials,  and 
A  V  represents  the  voltage  change  after  a  full  charge  or  discharge. 

3.  Results  and  discussion 

X-ray  diffraction  (XRD)  pattern  shows  that  the  as-prepared 
Co304/Co(OH)2  nanostructures  have  the  mixed  C03O4  spinel 
phase  (JCPDS  42-1467)  and  layered  a-Co(OH)2  phase  (JCPDS 
46-0605)  (Fig.  1).  A  plain  view  of  loosely  packed  Co304/Co(OH)2 
nanostructures  shows  the  irregular  and  curly  morphology  of  the 
surface  which  exposes  the  edge  planes  and  the  random  expansive 
open  areas.  Fig.  2a  shows  the  cross  section  of  the  nanosheets  is 
approximately  10  nm  thick,  and  some  small  aggregates  are  loaded 
on  the  surface  of  the  nanosheets.  Transmission  electron  microscopy 
(TEM)  images  (Fig.  3a  and  b)  indicate  that  the  as-made  C03O4 / 
Co(OH)2  nanomaterial  is  composed  of  the  nanosheets  with  curly 
layer  morphology  having  the  thickness  about  10  nm  and  the  mono- 
disperse  nanoparticles  having  a  size  dimension  around  40  nm. 
These  self-assembled  nanosheets  are  firstly  formed  during  the 
initial  12  h,  and  there  are  no  any  nanoparticles  formed  in  this  stage 
(Fig.  S2).  Upon  further  increasing  the  reacting  time,  the  nanosheets 
become  larger  and  the  nanoparticles  are  formed.  Note  that  SDS,  as 
surfactant,  should  be  present  in  the  process  of  forming  the  loosely 
packed  texture  (Fig.  S3). 

By  a  subsequent  thermal  treatment  in  air  at  250  °C  for  3  h,  the 
loosely  packed  Co304/Co(OH)2  nanostructure  is  transformed  into 
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Fig.  1.  XRD  patterns  of  the  Co304/Co(OH)2  and  C03O4  nanomaterials. 


Fig.  2.  Typical  SEM  images  of  (a)  the  loosely  packed  Co304/Co(OH)2  nanostructures 
(magnified  view  of  Co304/Co(OH)2  nanostructures  presented  inset)  and  (b)  the  mes- 
oporous  Co304  materials  (magnified  view  of  Co304  materials  presented  inset). 


pure  C03O4  particles  with  mesoporous  texture  (Figs.  2b  and  3c  and 
d).  The  broad  XRD  peaks  indicate  low-crystalline  nature  of  the 
cubic  spinel  C03O4  materials  (JCPDS  42-1467)  (Fig.  1 ).  The  grain  size 
of  as-made  C03O4  material  is  -8.9  nm  as  estimated  with  the 
Scherrer  equation  based  on  the  (311)  diffraction  peak.  The  TEM 
images  show  that  the  as-made  C03O4  material  is  granule  with 
irregular  shape  and  mesoporous  nature  (Fig.  3c  and  d).  The 
selected-area  electron  diffraction  (SAED)  and  lattice  spacing  show 
well-defined  rings,  indicating  their  polycrystalline  characteristics 
(Fig.  3d  inset).  All  of  the  rings  are  contributed  by  the  characteristic 
crystal  planes  of  Co304,  which  can  be  ascribed  to  (311 ),  (400),  (511 ), 
and  (440)  from  interior  to  exterior  rings,  consistent  with  the  XRD 
results.  Furthermore,  the  granular  C03O4  has  a  large  surface  area  of 
129  m2  g-1  and  the  mesoporous  structure  with  the  pore  size 
distribution  centered  at  3.7  nm  and  4.7  nm,  as  measured  by  the 
Brunauer-Emmett-Teller  (BET)  measurements  (Fig.  4). 

To  understand  the  reason  why  hybrid  structure  of  C03O4 / 
Co(OH)2  can  be  formed  during  the  synthesis  process,  a  formation 
mechanism  is  proposed  and  shown  in  Fig.  5.  The  first  step  is 
nucleation  stage.  Numerous  Co(OH)2  nucleation  centers  derive 
from  disassociation  of  cobalt-citrate  complex,  which  depend  on 
the  temperature  and  alkalinity.  The  second  step  is  growing  stage  of 
nanosheet.  Because  of  the  anisotropy  of  Co(OH)2  crystals,  the 
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Fig.  3.  (a)  and  (b)  TEM  characterization  of  the  Co304/Co(OH)2  nanomateriai  with  the  curly  layer  morphology  and  the  small  nanoscale  particles,  (c)  and  (d)  TEM  and  HRTEM 
characterization  of  the  granular  C03O4  materials  with  mesoporous  framework,  (Inset  image)  the  SAED  pattern  of  the  C03O4  materials. 


Fig.  4.  BET  measurements  of  the  Co304/Co(OH)2  sample  (a),  and  the  Co304  sample  (c).  The  surface  area  of  the  Co304/Co(OH)2  and  C03O4  is  8.14  m2  g  1  and  129  m2  g  \  respectively. 
The  pore  size  distributions  for  the  Co304/Co(OH)2  and  Co304  sample  is  shown  in  (b)  and  (d),  respectively. 
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Fig.  5.  Schematic  formation  mechanism  of  the  as-prepared  Co304/Co(OH)2  sample. 


growing  point  of  each  crystal  is  located  at  certain  directions  and 
cobalt-citrate  complex  slowly  disassociates  to  provide  precursors 
under  the  certain  temperature,  so  nanosheets  will  be  formed. 
More  details  of  mechanism  of  Cobalt-Citrate  Complex  reaction 
were  showed  in  Supplementary  material.  Herein,  these  Co(OH)2 
nanosheets  do  not  agglomerate  to  the  loose-packed  nanoflower 
structure,  indicating  that  the  forming  mechanism  of  Co(OH)2 
nanosheets  is  different  from  that  of  loose  packed  Ni(OH)2  nano¬ 
flower  in  our  previous  studies  [21  ].  The  third  step  is  dissolution  and 
growth  step.  More  specifically,  nuclei  of  the  CoOOH  phase  forms  on 
the  external  part  or  on  flake  boundaries  of  the  dissolved  Co(OH)2 
nanosheet.  The  generation  of  transition-state  CoOOH  is  because  of 


that  oxyhydroxides  generally  have  smaller  surface  energies  than 
oxides  and  are  normally  obtained  by  precipitation  from  aqueous 
solution  [22].  The  last  step  is  transformation  and  growth  step.  The 
Co(OH)2  continues  to  converted  into  transition-state  CoOOH,  and 
CoOOH  can  be  reduced  to  C03O4  at  the  low  temperature  due  to 
reaction  with  oxygen  and  hydroxyl  ions  in  the  alkaline  media, 
contrary  to  what  is  observed  under  other  conditions  where 
a  temperature  higher  than  200  °C  or  the  oxidant  at  lower 
temperature  is  required  [23,24].  V.  Pralong  et  al.  suggest  that  the 
oxidation  reaction  is  driven  by  solid-state  amorphization  including 
the  dissolution  of  the  Co(OH)2  phase,  the  nucleating  and  growing 
process  of  the  CoOOH  and  C03O4  [24-26].  The  solid  state  growth 
can  induce  strains  in  the  nanosheets.  Deriving  from  the  unit  cell 
mismatch  among  the  hybrid  phase,  these  strains  are  released  to 
drive  dislocation  nucleation  and  motion,  and  then  precipitate  the 
nanosheets  to  form  the  highly  porous  particles  with  mesostruc- 
tured  texture.  On  the  basis  of  the  above  studies,  we  propose  that 
the  hybrid  structure  of  Co304/Co(OH)2  nanomaterials  originates 
from  the  solid-state  reaction  between  the  Co(OH)2  nanosheets  and 
the  dissolved  oxygen  in  the  solution. 

In  the  thermal  treatment  procedure,  the  obtained  hybrid 
Co(OH)2/CoOOH  nanomaterial  is  calcined  into  spinel  phase  C03O4 
at  250  °C  in  air  following  the  thermodynamically  favorable  solid- 
state  oxidative  reaction.  The  high  surface  area  nature  and 
porosity  of  granular  C03O4  might  be  the  consequence  of  the  ener¬ 
getically  favored  phase  transformation  aspect  and  strain  relaxation 
in  the  solid-state  oxidative  reaction  [27]. 

Electrochemical  characterization  and  determination  of  the 
specific  pseudocapacitance  of  the  mesoporous  C03O4  material 
were  investigated  by  cyclic  voltammetry  (CV)  and  charge/ 
discharge  test  in  a  three-electrode  beaker  cell  and  a  2  M  KOH 
electrolyte.  It  can  be  clearly  observed  the  distinct  redox  peaks  of 
a  broad  redox  background  in  the  CV  curves  (Fig.  6a).  The  redox 


Fig.  6.  Electrochemical  characterization  of  mesoporous  C03O4  material:  (a)  CV  curves  of  granular  C03O4  materials  at  various  scan  rates,  (b)  Galvanostatic  charge  and  discharge 
curves  of  mesoporous  Co304  material  at  various  charge/discharge  current  densities,  (c)  Average  specific  capacitance  of  granular  Co304  material  at  various  charge/discharge  current 
densities,  (d)  Average  specific  capacitance  versus  cycle  number  of  mesoporous  Co304  material  at  a  galvanostatic  charge/discharge  current  density  2.5  A  g-1,  (Inner  image)  the 
galvanostatic  charge/discharge  curves  of  mesoporous  Co304  material  at  a  galvanostatic  charge/discharge  current  density  2.5  A  g-1. 
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current  peaks  of  C03O4  electrode  is  represented  by  the  following 
reactions  [28]. 

Peak  a  and  c  (scan  rate:  5  mV  s_1),  CoOOH  formation: 

C03O4  +  OH  +  H20  <-►  3CoOOH  +  e 

Peak  b  and  d  (scan  rate:  5  mV  s-1),  Co02  formation: 

CoOOH  +  OH~  <-►  Co02  +  H20  +  e“ 

The  average  specific  capacitance  of  the  mesoporous  C03O4 
material  is  calculated  to  be  -427  F  g-1  at  charge/discharge  current 
density  of  1.25  A  g-1  and  261  F  g-1  at  a  high  charge/discharge 
current  density  of  7.5  A  g-1,  -  61%  of  that  at  1.25  A  g_1  (Fig.  6b  and 
c).  The  excellent  charge/discharge  stability  of  the  mesoporous 
C03O4  is  demonstrated  in  Fig.  6d.  After  a  cycle  number  of  1000 
charge/discharge  process  at  2.5  A  g_1,  the  specific  capacitance  of 
the  sample  can  be  calculated  from  the  discharge  curves  to  be 
365  F  g-1,  indicting  that  as  much  as  93.5%  of  the  initial  capacitance 
(390  F  g-1)  can  be  maintained  for  the  mesoporous  C03O4  material. 
The  enhanced  specific  capacitances  and  excellent  cycle  stability 
could  be  attributed  to,  first,  amorphous  structure  for  C03O4  mate¬ 
rials,  providing  many  surface  electro-active  sites  for  redox  pseu¬ 
docapacitance;  second,  the  advantageous  high  mesoporosity  of 
nanoparticles,  reducing  the  mass-transfer  resistances,  in  favor  of 
electrolyte  penetration  and  ion  diffusion;  third,  the  highly  specific 
surface  area  (BET  surface  area:  129  m2  g-1),  enhancing  the  elec- 
trolyte/Co304  contact  area  and  accommodating  the  transformation 
strains  that  originated  from  the  volume  change  during  the  elec¬ 
trochemical  reaction  [10,29,30].  The  little  capacitance  loss  may  be 
related  to  the  microstructure  changes  of  the  mesoporous  C03O4 
material  in  cycling  test,  which  has  been  proved  by  TEM  and  XRD 
characterization  and  analysis  (See  Supplementary  information  for 
more  details).  These  factors,  we  expect,  should  provide  the 
improved  specific  capacitance  and  remarkable  rate  capability  of  the 
mesoporous  C03O4  materials  for  high-performance  electrochemical 
pseudocapacitors. 

4.  Conclusions 

In  summary,  we  have  developed  a  facile  self-assembly  method 
for  preparing  the  mesoporous  Co304  material  using  the  common 
formation  and  disassociation  of  complex  reaction  and  the  solid- 
state  oxidative  reaction.  The  experimental  conditions  have  been 
optimized  to  fabricate  the  Co304/Co(OH)2  hybrid  precursors  which 
are  composed  of  the  nanoscale  particles  and  the  nanosheets  with 
curly  layer  morphology.  This  method  is  important  not  only  because 
it  provides  a  facile  method  for  the  production  of  mesoporous  C03O4 
material  with  the  high  specific  area  and  the  excellent  electro¬ 
chemical  capacitance  prosperities,  but  also  because  it  exemplifies 
that  the  morphology  and  structure  of  the  as-made  materials  could 
be  tailored  by  the  surfactant,  temperature,  and  reaction  time  which 
also  need  more  in-depth  study  in  our  further  research.  This 
synthesis  protocol  is  expected  to  be  applicable  to  other  complex 
reactions  for  synthesizing  metal  hydroxides/oxides. 
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